Chromosome 5q22 -33 is a region where studies have repeatedly found evidence for linkage to schizophrenia. In this report, we took a stepwise approach to systematically map this region in the Irish Study of High Density Schizophrenia Families (ISHDSF, 267 families, 1337 subjects) sample. We typed 289 SNPs in the critical interval of 8 million basepairs and found a 758 kb interval coding for the SPEC2/ PDZ-GEF2/ACSL6 genes to be associated with the disease. Using sex and genotype-conditioned transmission disequilibrium test analyses, we found that 19 of the 24 typed markers were associated with the disease and the associations were sex-specific. We replicated these findings with an Irish case -control sample (657 cases and 414 controls), an Irish parent -proband trio sample (187 families, 564 subjects), a German nuclear family sample (211 families, 751 subjects) and a Pittsburgh nuclear family sample (247 families, 729 subjects). In all four samples, we replicated the sex-specific associations at the levels of both individual markers and haplotypes using sex-and genotype-conditioned analyses. Three risk haplotypes were identified in the five samples, and each haplotype was found in at least two samples. Consistent with the discovery of multiple estrogen-response elements in this region, our data showed that the impact of these haplotypes on risk for schizophrenia differed in males and females. From these data, we concluded that haplotypes underlying the SPEC2/PDZ-GEF2/ACSL6 region are associated with schizophrenia. However, due to the extended high LD in this region, we were unable to distinguish whether the association signals came from one or more of these genes.
INTRODUCTION
Schizophrenia is a complex disorder that affects the lives of millions of people. Since the establishment of familial factors in the etiology of the disease, decades had gone by without the identification of specific genes that predispose to this illness. More recently, many genome-wide linkage scans had been performed with subjects from different ethnic groups, and collectively, several chromosomal regions had been implicated in harboring genes involved in schizophrenia.
In the last few years, candidate genes in some of these chromosomal regions have been identified (1 -5) .
Chromosome 5q22 -33 is one of the regions likely to contain risk genes for schizophrenia. Early cytogenetic studies suggested that chromosome 5 was involved in the disease (6, 7) . In 1997, Straub et al. 3329-3342 doi:10.1093/hmg/ddl409 Advance Access published on October 9, 2006 (9) reported separately linkage peak in the 5q22-31 region. Following up on these findings, several other linkage studies showed peaks in the 5q region (10 -14) . These linkage peaks were broadly distributed over a region from 5q21 to 5q34, covering about 80 million basepairs (mb) genomic distance. The linkage peak from the Irish Study of High Density Schizophrenia Families (ISHDSF) centered around markers D5S642 -D5S2120, overlapping substantially with the signal from the German sib-pair sample (9) . The ISHDSF linkage signals, however, seemed centromeric to other linkage findings, suggesting that there might be multiple susceptibility genes in the broad 5q linkage region. In a meta-analysis of most major linkage studies performed up to that time, the 5q21 -31 region, which coincides the ISHDSF linkage peak, was ranked number 2 of all chromosomal regions implicated to harbor susceptibility genes for schizophrenia (15) . Except a few selected candidate genes (16, 17) , systematic mapping of schizophrenia genes in this region has not to date been reported.
We started to systematically fine map this region in the ISHDSF in 2002. We took a stepwise approach and divided the ISHDSF sample into two mutually exclusive subsamples (which we term the screening and replication subsamples) based on the family NPL scores. The screening subsample, which consisted of 61 families with NPL score 1.4, was used for systematic screening to generate promising leads. For those regions where consistent associations were observed in the screening sample, the replication subsample would be genotyped to verify the association. When corroboratory results were obtained from these two subsamples, we sought to replicate these results with independent samples from several sources. Figure 1 illustrates our stepwise study design.
In this report, we outline the results of this effort that has led to the identification of a 758 kb fragment in 5q23 showing significant association with schizophrenia in the five samples used in this study. This fragment encodes the non-kinase CDC42 effecter protein (SPEC2) gene, the PDZ-domain containing guanine exchange factor I (PDZ-GEF2) gene and the acyl CoA synthetase long chain member 6 (ACSL6) gene. These genes share high linkage disequilibrium (LD) and overlapping risk haplotypes. Owing to the limitation of LD mapping, we were unable to distinguish whether one or all of the genes are associated with schizophrenia.
RESULTS
The identification of association in the SPEC2/PDZ-GEF2/ACSL6 region in the ISHDSF sample
In our systematic fine-mapping of the linkage region, we used bootstrap technique to define the critical region most likely to harbor risk genes in the ISHDSF sample. This bootstrap experiment suggested an 8 mb region defined by markers D5S2059 and D5S2053 (Figure 2A ). In this 8 mb region, we typed 289 SNPs in the screening subsample, with a density of~28 kb per marker. The largest remaining gap was 434 kb, located at position 126.1 mb. There were five additional gaps larger than 200 kb sporadically distributed throughout this region (Fig. 2B ). An examination of the P-values obtained from the ISHDSF screening subsample (Supplementary Material, Table S1 ) showed several regions of interest. By chromosomal position, these were at 124.9, 125.2, 126.7 mb (the MEGF10 gene) and a broad location from 130.5 to 131.5 mb. Except the 130.5 -131.5 mb region, we found no further evidence 
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Human Molecular Genetics, 2006, Vol. 15, No. 22 for association when we followed up those markers with P-value 0.1 in the ISHDSF replication subsample. The interval between 130.5 and 131.5 mb contains the histidine triad nucleotide binding protein 1 (HINT1), SPEC2, PDZ-GEF2, ACSL6 and the interleukin 3 (IL3) genes. Of these 5 genes, HINT1 was previously implicated in the etiology of schizophrenia by microarray studies (18) . In the screening subsample, we observed several markers with P-values 0.05 in the vicinity of HINT1. Multi-marker analyses indicated only marginal significance. For the region covering the SPEC2, PDZ-GEF2 and ACSL6 genes, we typed a total of 80 SNPs in the screening subsample with which we performed single marker analyses for all three disease definitions. We then performed 3-marker sliding window and multi-marker haplotype analyses to identify significant intervals. In multi-marker haplotype analyses, many multi-marker combinations were significant, the most significant combination was 4-5-6-9, with a global P-value of 0.00040 (Table 1) . In this combination, the most significant haplotype, 1-1-1-1, which was undertransmitted to the affected subjects, was haplotype A, as shown in Figure 3 . The overtransmitted haplotype, 2-1-1-1, was haplotype C, as shown in Figure 3 . Table 1 listed two more combinations (13-14-15-16 and 16-17-19) , where there were two overtransmitted haplotypes, corresponding to haplotypes C and D in Figure 3 . Further analyses revealed that haplotypes C and D both extended from marker 4 to marker 18. For example, in an 8-marker combination (4-5-6-9-14-15-16-18), the two haplotypes, 2-1-1-1-1-2-1-1 (haplotype C) and 2-2-2-2-2-1-2-2 (haplotype D), gave P-values of 0.009898 and 0.02485, respectively, for the narrow diagnosis. The global tests of this 8-maker combination were significant for all three diagnoses (P ¼ 0.000814, Figure 2 . Fine mapping of the 5q linkage peak in the ISHDSF sample. (A) Pairwise NPL P-values of the 37 dense markers covering the linkage peak and their relative position to other linkage peaks reported in the 5q region. Simulated confidence interval as marked by D5S2059 and D5S2053 was outlined. (B) Systematic mapping of the confidence interval using the screen subsample. P-values obtained with the narrow diagnosis for SNPs typed in the screen subsample were plotted. The plot showed the distribution of typed SNPs and the locations of the MEGF10 and SPEC2/PDZ-GEF2/ACSL6 genes. From the multi-marker analyses of the screening subsample, we selected 24 markers for replication in the replication subsample on the basis of the individual marker's significance and its contribution to significant multi-marker haplotypes. Although no marker reached significance in the replication subsample when analyzed with the narrow definition ( Table 2) , multiple markers reached nominal significance when analyzed with both the intermediate and broad definitions (data not shown). In haplotype analyses, when only the narrow definition was considered, combination 16-17-19 was nominally significant and combinations 4-5-6-9 and 13-14-15-16 showed a trend (see Table 1 ). When the intermediate and broad disease definitions were considered, combinations 4-5-6-9 and 13-14-15-16 became much more significant. For instance, the global P-values for the intermediate and broad definitions were 0.00126 and 0.00064, respectively, for combination 13-14-15-16. The P-values for haplotype D in Figure 3 or 1-2-1-2 were also Of all SNPs typed for these three genes, rs1291602 was the only marker that involved an amino acid change. Rs1291602 is located in the penultimate exon of the PDZ-GEF2 gene and changes the 1452th amino acid from arginine (R) to glutamine (Q). For this marker, PDT produced nominally significant results in the screening subsample (P ¼ 0.0476). However, in the replication subsample, it was not significant ( Table 2 ). The minor allele, glutamine, was overtransmitted to affected subjects and was carried by haplotype C, which was statistically significant in the screening subsample (see subsequently). Although the changed amino acid was not in any of the well-defined structural domains of the PDZ-GEF2 gene, amino acid sequence alignment indicated that it was conserved among fruit fly, mouse, rat, chimpanzee and human.
From these analyses, we concluded that the results in the screening and replication subsamples were broadly corroborative. In both subsamples, identical haplotypes were implicated, although the strength of the signals differed. Since the families in the screening subsample were selected because they demonstrated linkage to 5q, these results were not unexpected.
LD and haplotype structure in the region
To further our understanding of this region, we estimated pairwise LD and constructed haplotypes for the ISHDSF (including both the screening and replication subsamples) and the Irish case -control study of schizophrenia (ICCSS) samples. As seen in Figure 3 , the two samples had very similar LD patterns. Both samples had two LD blocks: markers 2-20 were in one block and markers 21-24 were in the other. For the four markers forming the second LD block, markers 21 -23 had low LD with most markers in the first LD block, with the exception of markers 1, 3, 7, 13 and 15. In clear contrast, marker 24 had reasonable LD with most markers in the first LD block, with a few exceptions: markers 2, 4, 10 and 19 were in low LD with marker 24. Interestingly, the markers showing distinct patterns with the second LD block (i.e. markers 1-4, 7, 10, 13, 15, 19) were the same markers with which we observed association signals (P , 0.10; Table 2) in the screening subsample. This suggests that there is a relationship between the two LD blocks underlying the same association signals in the ISHDSF sample. When we compared the LD patterns between the two sexes, the results were similar ( Fig. 3D and E). The most noticeable differences between the males and females were that in females, two pairwise LDs (markers 7 -16 and 7-18) did not reach statistical significance. The implication of these differences is not clear. In the other three samples (the Irish proband -parents trio sample, ITRIO; the German sib pair and proband-parents trio sample, German and the Pittsburgh nuclear family sample, Pittsburgh), the LD patterns were similar to those of the ISHDSF and ICCSS samples. For ITRIO, we typed 20 of the 24 markers. These 20 markers were divided into two LD blocks, such as those seen in both ISHDSF and ICCSS samples, and the partition of the two blocks was the same, i.e. between markers 20 and 21 (data not shown). This was reassuring that the ISHDSF, ICCSS and ITRIO were all of Ireland/UK ancestry and had similar LD patterns. For the German and Pittsburgh samples, we typed 8 and 11 markers, respectively. All typed markers were located within the large LD block of the Irish samples and indeed, they formed a single LD block with high LD between individual markers in both samples (data not shown). These results indicated that the LD structure among the five samples used in this study was very similar. When haplotypes were analyzed, we saw only a few major haplotypes in this region. The four most abundant haplotypes (frequency .5%) were identical between the ISHDSF and ICCSS samples and had similar frequencies ( Fig. 3B and C). Comparing these haplotypes with those identified in Table 1 , it was not difficult to recognize that haplotype A was the protective haplotype and C and D were the risk haplotypes. We also noticed that the four markers (2, 4, 10 and 19) showing a distinct LD pattern with marker 24 tagged both haplotypes C and D, sharing the overtransmitted minor allele. None of other markers typed in this region tagged both haplotypes C and D.
Sex-and genotype-conditioned analyses
We initiated our replication with the ICCSS sample by typing the 24 selected SNPs. A few of the markers (2, 4, 10, 19) showed nominal genotypic associations, but none demonstrated allelic association (data not shown). To evaluate whether the genotypic associations observed for these markers were meaningful, we carried out genotype-PDT (19) analyses in the combined ISHDSF sample retrospectively. We found that these same four markers showed genotypic associations in the ISHDSF sample ( Table 3 ), suggesting that the associations of these four markers in the initial ICCSS analyses were unlikely to be false-positive findings. For all four markers, the genotypic associations showed the same pattern within each sample, but the pattern differed between the ICCSS and the ISHDSF. In ICCSS, the 11 homozygotes were overrepresented in the affected subjects and the heterozygotes were underrepresented. In ISHDSF, the heterozygotes were overtransmitted to affected subjects and the 11 homozygotes were undertransmitted. On the basis of the frequencies of haplotypes listed in Figure 3 , it was clear that subjects carrying a 11 genotype for these four markers would most likely carry haplotypes A and B. Similarly, the most likely haplotypes carried by a 22 subject would be C and D. In other words, if there was genetic heterogeneity in this region, we reasoned, stratifying the subjects on the basis of the genotypes of these markers, i.e. performing genotype-conditioned analyses, would be the most efficient method to extract the association signals. In the case of ISHDSF, the heterozygotes were overrepresented in the affected subjects. If our reasoning was correct, then we would expect to get similar association signal by analyzing only the affected heterozygotes at these four markers. In light of recent identification of potentially functional estrogen-response elements in the promoter region (between markers 20 and 21) of the ACSL6 gene (20) , we also explored sex-conditioned analyses.
On the basis of this rationale, we carried out sex-and genotype-conditioned transmission disequilibrium test (TDT) analyses for the ISHDSF sample with the TDTPHASE module of the UNPHASED program (the PDTPHASE module does not allow this kind of analysis). Affected subjects were first separated by sex and then stratified by the genotypes of the conditioning marker. Table 3 summarized the TDT results conditioned on sex and the genotypes of marker 4 or rs3756295. In Table 3 , for simplicity, we listed only one genotype-allele combination for each sex. In cases where both the undertransmitted and overtransmitted genotype-allele combinations were significant, we arbitrarily listed only the overtransmitted combination. In the table, the conditioning genotype is in parentheses and prefixed the specific allele. For example, for marker 1, rs1030271, for the females, when the genotype of the conditioning marker, marker 4 or rs3756295, was heterozygous (1/2), 47.5% of allele 1 was transmitted to the affected subjects and 22.5% was transmitted to the unaffected subjects, P ¼ 0.0181. The reason that we chose marker 4 as the conditioning marker was that it was one of the four markers showing genotypic associations in both the ISHDSF and ICCSS samples and it was the one with the lowest P-value in the ISHDSF sample, which was used to generate the hypothesis. On the basis of the LD structure showing in Figure 3 , we predicted that conditioning on the other three of these four markers would produce similar results. For the limited tests we did to verify this prediction, our prediction was correct. For example, for markers 1 -3, the corresponding P-values for the same genotype-allele combinations as listed in Table 3 for the male and female subjects were 0.8840, 0.7628, 0.8874 and 0.0136, 0.2615, 0.0037, respectively, when they were analyzed conditioning on marker 19 (rs2240525). These results were comparable with those obtained by conditioning on marker 4, rs3756295, i.e. the significant markers remained significant and the insignificant markers remained insignificant. As predicted by our hypothesis, only the subjects with heterozygous genotype at the conditioning marker showed significant overtransmitted alleles, since heterozygotes were the genotype group overrepresented in the affected subjects in the genotype association analyses. These analyses also indicated that the association signals observed in the ISHDSF derived largely from female subjects. Interestingly, these conditioned analyses readily revealed the risk haplotype in the risk genotype group. For example, for the females, the risk alleles in Table 3 matched perfectly with haplotype C shown in Figure 3B , which was identified as the risk haplotype by standard multi-locus PDT analyses (Table 1) . From these results, we hypothesized that the associations were sex-specific and sexand genotype-conditioned analyses were necessary to reveal these signals.
Replication of the association in the ICCSS, ITRIO, German and Pittsburgh samples
To test this hypothesis, we performed similar analyses in the ICCSS sample. The results were listed in Table 4 . As seen in the ISHDSF sample, these analyses identified multiple significant single markers and revealed the risk haplotype without resorting to haplotype analyses.
To seek further evidence of these effects, we genotyped some of the 24 markers in three independent samples: the ITRIO (20 markers), the German (8 markers) and the Pittsburg (11 markers) samples. As seen in Table 4 , all these samples showed significant associations at the individual marker level. After the correction of multiple testing with the SNPSpD method (21), many of these markers remained significant in the ICCSS, ITRIO, German and Pittsburgh samples. Similar to what we observed in the ISHDSF and ICCSS samples, the risk haplotypes in these samples were readily identified. In ICCSS, there was no association observed in the male subjects. For the females, haplotype A was overrepresented for those who had a 11 genotype at rs3756295, the conditioning marker. This same haplotype was underrepresented in those who had a 12 genotype at the conditioning marker (data not shown). In ITRIO, haplotype A was overtransmitted to those male subjects who had a 11 genotype at the conditioning marker and it became undertransmitted for those male subjects with a 12 genotype at the conditioning marker (data not shown). Females with a 22 genotype showed a trend of association with haplotype C. The German sample was very similar to the ITRIO in that haplotype A was overtransmitted to males with a 11 genotype and undertransmitted to those with a 12 genotype. In the Pittsburgh sample, both haplotypes C and D (only D listed in Table 4 ) were overtransmitted to those females with a 22 genotype at the conditioning marker. No apparent protective haplotype was found. No association was found in the males.
DISCUSSION
The 5q22 -33 region is one of the best replicated regions in linkage studies of schizophrenia. In the last few years, although a few selected candidates from this chromosomal region had been studied (17, 22, 23) , systematic positional mapping efforts have not been reported. In this article, we report such a study with the ISHDSF and other four independent samples. We took a stepwise approach and systematically mapped the critical interval in the ISHDSF sample. As outlined in Figure 1 , when a candidate gene or interval was identified in the ISHDSF, other samples were used to replicate the finding. In this process, ISHDSF was used to generate specific hypothesis to be tested in the other samples. For the ISHDSF sample itself, a verification step was included to minimize the likelihood of false-positive findings. This design follows the principles of two-stage design suggested in the recent literature (24 -26) . The first stage is exploratory in nature, and multiple analyses and testing are appropriate to generate specific hypothesis. The second stage is then used to test the specific hypothesis using appropriate multiple testing correction (Bonferroni correction or correction with the false discovery rate framework). Following this process, we have found significant associations in all five independent samples. Specifically, we have found that sex plays an important role in the associations in this region for all tested samples, and a set of highly correlated markers can be used as stratifiers to partition subjects into more homogeneous groups so that the genetic associations can be readily identified. Without the conditioned analyses, only a few markers reach nominal significance in the ICCSS, ITRIO, German and Pittsburgh samples (data not shown).
Conditioned analyses are not commonly used in association studies and therefore merit discussion. Sex-conditioned analyses were conducted for all samples in this study. Is sex involved in the etiology of schizophrenia? There is evidence to support this notion. In a recent, extensive review of worldwide incidence rate, it was found that males have significantly higher incidence rate than females (27) . For the five samples used in this study, the male:female ratio of the affected (Table 5 ). Males have a younger age of onset than females (28) . Sex-specific association was reported for the catecho-O-methyltransferase gene (29) . In this current study, in each of the five samples, association signals derive largely from one of the two sexes. These consistent results argue for the involvement of sex in the associations in this region. In fact, several estrogen-response elements, a signature of sex-hormone-regulated genes, were identified in the promoter region of ACSL6 gene in a recent study (20) . Another study found that ACSL6 gene exhibits sexually dimorphic expression in a mouse model (30) . These studies provide a genomic and molecular basis for the sexspecific associations observed in this region. We also used genotype-conditioned analyses. The rationale was based on two pieces of information. First, in both the ISHDSF and ICCSS samples, the same four markers showed genotypic associations. These consistent genotype associations suggest that they may be a clue to the association signals in this region. Conditional analyses based on the genotypes of these markers could partition the samples into more homogeneous groups and yield more consistent results. Secondly, in the examination of the LD structure, we found that these four markers had the same LD patterns with other markers in this region, especially with the markers of the second LD block. The four markers have very high LD among themselves (D' . 0.95, r 2 . 0.75). This implies that the genotypic associations observed among these markers are the same signal, and this signal extends to cover both LD blocks. On the basis of the LD and haplotype information, we predict that conditioned analyses using any one of these four markers would produce similar results. Our limited testing confirms this. We used marker 4, rs3756295, because it produced the best genotypic association among the four markers in our hypothesis-generating ISHDSF sample. In other samples, marker 4 may not be the best of the markers, and therefore, the results presented in Table 4 may not be the best associations in these samples. In this study, we have observed evidence in each of the five tested samples that haplotypes spanning SPEC2, PDZ-GEF2 and ACSL6 genes are associated with schizophrenia. However, there are differences with respect to sex and risk haplotypes among the five samples used in this study. In the ISHDSF, ICCSS and Pittsburgh samples, associations are found largely in the female subjects. In the ITRIO and German samples, the associations derive mainly from male subjects. With respect to haplotypes, A, C and D are implicated. Haplotype A is found associated with the disease in four (ISHDSF, ICCSS, ITRIO and German) of the five samples, whether it is a protective or risk factor in a given sample depends on the genotypes of the conditioning marker. We have noticed that risk haplotypes are always found in the genotype group that is overrepresented in or overtransmitted to the affected subjects. For example, the 11 homozygotes are overrepresented in the cases of the ICCSS sample, and haplotype A found in this genotype group is overrepresented in affected subjects. Similarly, the heterozygotes are underrepresented in the affected subjects in the ICCSS sample, and the same haplotype A found in this genotype group is also underrepresented. Haplotypes C and D were a risk haplotype in ISHDSF and Pittsburgh samples. It is interesting that although both haplotypes are associated with increased risks, the strength of association differs. In the ISHDSF, the association of haplotype C is stronger, whereas in the Pittsburgh sample, that of D is stronger. The associations observed among the five samples in this study are complex. Since these associations depend on the sex, haplotypes and the genotypes of the conditioning marker, if they are proved to be true-which needs further replications from other independent researchers-this implies that several factors jointly determine the disease status. In other words, these associations require certain interactions among the sex, genotypes of conditioning marker and haplotypes. To verify these results, similarly conditioned analyses are necessary. In each of these five samples, we see clear differences with respect to sex, haplotype and the genotype of conditioning marker. However, we do not see a combination that is consistently associated with the disease across all five samples. A possible explanation is that there are more required factors to be identified. If schizophrenia is not a single disorder but rather a collection of diseases, then, at least in theory, we can partition the affected subjects into a number of homogenous diseases when the required stratifying factors are identified. What we have seen in this study is a starting point for such a process.
Functionally, all three genes are plausible candidates for schizophrenia. They are expressed in several regions of brain on the basis of the Microarray Expression Data from the Genome Browser (http://www.genome.ucsc.edu/). Both SPEC2 and PDZ-GEF2 are components of signal transduction chains, coupling the intercellular signals to intracellular processes. Specifically, SPEC2 is an effecter protein of CDC42, a small GTPase that engages in the processes of cell skeleton assembly. By regulating filamentous actin, CDC42 exerts profound effects on cell shape, polarity, migration, cell -cell adhesion and cytokinesis (31, 32) . The PDZ-GEF2 gene is a GTP exchange factor that exerts its effects through regulating the active status of G-protein, leading to the activation/deactivation of cellular processes in the events of ligand binding by surface membrane receptors. The small GTPases working with PDZ-GEF2 have been identified as Rap1 and Rap2 (33 -35) . Activated by many receptors and secondary messengers, Rap1 has been shown to regulate the expression of integrin via the inside-out pathway (36, 37) . The integrins, in turn, have been shown to be critical in the development of central nervous system (38 -40) . PDZ-GEF1, a closely related protein of PDZ-GEF2, has been shown to interact with synaptic scaffold molecule (S-SCAM) (41) , which interacts with other PSD proteins and plays a critical role in the organization of synaptic complex in glutamatergic neurons. There is ample evidence that abnormalities of the glutamatergic neurons are involved in schizophrenia (42 -44) . In fact, some recently identified candidate genes, including DTNBP1 (45), may be directly or indirectly involved in the glutamatergic pathway (46, 47) . ACSL6, also called acyl CoA synthetase 2 (ACS2) and fatty acid CoA long chain 6, is a key enzyme that activates polyunsaturated long chain fatty acids. Its preferred substrates include arachidonic acid (AA), eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). There is a hypothesis that membrane phospholipids defects may be involved in the pathophysiology of schizophrenia, of which AA plays a central role (48) . Indeed, in many studies (49 -53) , the amount of AA, EPA and DHA in cell membranes has been found to be reduced in schizophrenia patients. Treatments with these polyunsaturated fatty acids may improve symptoms (54, 55) . In vitro experiments of overexpression of ACS2 result in increased AA internalization and neurite outgrowth (56) . There is also a direct association study of an isozyme, ACS4, with schizophrenia (57) .
Schizophrenia is thought to have complex etiology. The association studies of schizophrenia often report complex association signals. DTNBP1 gene, reported first in the ISHDSF, is arguably one of the best replicated schizophrenia candidate genes. Among the several reports of positive associations in the gene, the associated markers and risk haplotypes are different (1,45,58 -60) . Similar phenomena are also observed in the neuregulin 1 gene (2,61 -64) , the catechol-O-methyltransferase gene (29,65 -68) and the regulator of G-protein signaling 4 gene (4,69 -71) . In this study, we have observed three haplotypes potentially predisposing risks to the affected subjects, and each haplotype is observed in at least two samples. Although our conditioned analyses give us clean associations in all samples, these analyses have not produced complete consistency among the samples. Some of the Pittsburgh cases reported on here were included in a recent genetic association study of ACSL6 polymorphisms (72) . In that study, a group of cases were compared with community-based controls using pooled DNA analyses. Significant associations were not detected. There are several explanations for the discordance between the present study and the report by Chowdari et al. (72) . These include differences in sample composition and markers analyzed. In addition, the latter did not include haplotype-based analyses, nor did it investigate subgroups based on gender or genotypes. The results in the study by Chowdari et al. (72) were similar to the results of the ICCSS sample before conditioned analyses. There have been suggestions that replication of association studies can be made at the level of individual markers and haplotypes, or at the level of genes (73) . Our study, we believe, has met both criteria. Confounding factors causing the inconsistencies need to be studied further. A future direction would be to include family history, clinical symptoms and other information in association analyses. Since the interval of the SPEC2, PDZ-GEF2 and ACSL6 genes shares extended LD, we are unable to distinguish whether one or more of these 
MATERIALS AND METHODS

Subjects
We used five independent samples in this study. Of them, the ISHDSF, ICCSS and ITRIO were Irish samples collected from the Republic of Ireland and Northern Ireland, UK. For the ICCSS, the sex of subjects was determined experimentally by genotyping three X-specific (rs320991, rs321029 and rs6647617) and three Y-specific (rs1558843, rs2032598 and rs2032652) SNPs because most of the controls were obtained from blood donation centers and the sex of the donors was not available to us. Subjects with XXY (nine subjects, four cases and five controls) and XYY (one case) genotypes were classified as males. The German sample consisted of two subsamples, 86 affected sib pairs with parents and 125 proband-parents trios. Of the 86 sib pairs, 54 were used in the linkage study where overlapping linkage peak was found between the ISHDSF and German sib samples (8, 9) . The trios were selected from a larger trio sample (16) with positive family history (defined as at least one first-or second-degree relative of the proband meeting the DSM IV criteria of schizophrenia or schizoaffective disorder). The Pittsburgh sample contained 247 nuclear families (case and parents) with a total of 729 subjects with DNA for genotyping. The details of ascertainment and other information of these samples were listed in Table 5 . To minimize the variation of disease definitions used by different samples, except those explicitly stated, all analyses reported for the ISHDSF were conducted with the narrow disease definition that was the closest to the diagnoses used in the other samples.
Marker selection and genotyping
Our strategy for SNP marker selection evolved as the publicly funded HapMap project progressed. In the beginning of our effort, we selected SNPs evenly distributed across our targeted region, giving priority to SNPs within known genes. As the HapMap project developed, we took advantage of the information produced, using SNPs with minor allele frequencies .5% in the Caucasian panel used by the HapMap project. When we focused on a specific gene, we used the HapMap data to construct haplotypes in the gene of interest and selected haplotype-tagged SNPs (74) . At this stage, we used a higher density to maximize our ability to detect association. We used several techniques for SNP typing. For the ISHDSF screening subsample, a majority of SNPs were typed by the FP-TDI protocol (75, 76) . Briefly, DNA sequences of SNPs obtained from dbSNP (http://www.ncbi. nlm.nih.gov/SNP/index.html) were masked by the RepeatMasker program (77) and PCR and FP-TDI extension primers were designed by the Primer 3 program (78) . All SNPs were tested in a panel of 48 randomly selected subjects from the ISHDSF sample. Markers with a minor allele frequency of 5% were used to type the screening subsample. We used the FP-TDI genotyping products from the Perkin Elmer Corporation (Boston, MA, USA) and followed the recommended procedures for PCR and single base extension. For some SNPs, when the Perkin Elmer kits did not produce optimal results, we used a different reporting dye set as reported previously (79) . We used the TaqMan assay (80) to type most SNPs in the ICCSS, ITRIO and Pittsburgh samples. Some SNPs of the Pittsburgh sample were typed with the SNaPShot method. The German sample was also typed with the TaqMan method. All SNPs typed with the TaqMan method were either validated assays or customdesigned assays developed by Applied BioSystems Incorporated (Foster city, CA, USA). The SNaPShot protocol was the same as reported previously (4) . Several measurements of quality control were implemented in genotyping procedures. These included automatic scoring and data handling, positive controls for known genotypes, inclusion of duplicates and retyping subjects for some markers. All SNPs typed were checked for Mendelian errors and Hardy -Weinberg equilibrium deviations with the PEDSTATS program (81) .
Statistical analyses
In accordance with our study design, we took a stepwise approach to data analysis. For the ISHDSF screening subsample, which was used to generate leads to be confirmed in the replication subsample, we carried out several TDTs as implemented in the TRANSMIT (82, 83) , FBAT (84, 85) and PDT (86) programs. In the TRANSMIT analyses, we used liberal conditions, including all affected subjects and all nuclear families within a pedigree. P-values reported for the TRANSMIT program were obtained by 100 000 bootstraps. For FBAT analyses, we used the empirical variance estimator (the 2e option in the program) to account for genotype correlation among affected siblings, which resulted from linkage since we were fine-mapping a linkage region. The minimal number of transmission was set to 10 families. For PDT analyses, we used the default settings with both vertical (trios) and horizontal (sib pairs) transmission accounted for. P-values reported for the PDT program were weighted equally for all families (PDT ave). Since these programs were based on different assumptions, collectively, they presented a balanced view of the association signals that we were seeking. For each typed SNP in the screening sample, all three programs were run for the narrow, intermediate and broad disease definitions (87) . On the basis of our calculation to minimize genotyping cost while retaining reasonable false discovery rate, we used a cutoff P-value of 0.10 for the screening subsample. Markers with P-values less than this cutoff were considered for genotyping in the ISHDSF replication sample. Since we used three programs to evaluate the evidence in the screening subsample, more often than not, the three programs produced different P-values.We took a compromise approach to determine which SNPs would be followed up. Out of the three programs, if two had P-values 0.10 for at least one diagnosis or one program had a P-value 0.05, the marker would be followed up by genotyping the replication subsample. For the ISHDSF replication subsample, we used only the PDT program to test specific markers and haplotypes for association [for multi-locus haplotype analyses, PDTPHASE (88) was used instead of standard PDT, because PDTPHASE implemented PDT principles for multi-locus analyses, and standard PDT
could not analyze multi-locus association]. The replication subsample was analyzed independently. In these analyses, we included uncertain haplotypes as estimated by the expectationmaximization (EM) algorithm (89) . We set the number of random restarts for the EM process to 10 and the minimal haplotype frequency to 1%. P-values obtained were x 2 distributions without permutation tests. The reason we chose to use PDT to analyze the ISHDSF replication subsample was that, in theory, PDT is more powerful because it includes both vertical and horizontal transmission. This is particularly relevant for pedigrees like those contained in the ISHDSF.
For the ITRIO, German and Pittsburgh samples, since they were all nuclear families, we decided to use TDT as implemented in the TDTPHASE module of the UNPHASED program. For the ICCSS, the COCAPHASE module of the UNPHASED program (88) was used. Both the TDTPHASE and COCAPHASE were able to analyze single markers and multiple haplotypes. One of the reasons we used the TDTPHASE and COCAPHASE was that both of them allow conditioned analyses based on sex and genotype. In sexspecific analyses, only male or female offspring were used. In genotype-conditioned analyses, subjects were first stratified by the 11, 12 and 22 genotypes of the conditioning marker and the allele frequency or transmission count was then compared between the affected and unaffected subjects. The P-values of these conditioned analyses were obtained from the comparison between a specified allele in a given genotype group between the affected and unaffected subjects. In the analyses of the ICCSS, ITRIO, German and Pittsburgh samples, we used a frequency cutoff of 0.01 for minor haplotypes. Missing genotypes of the parents were incorporated by the EM algorithm. The rate of missing genotypes in the ICCSS, ITRIO, German and Pittsburgh samples varied between 2 and 12%. When markers were in high LD, as the markers used in this study, a small fraction of missing data seemed to cause no bias on haplotype construction and subsequent association analyses (90 -92) .
We used the HAPLOVIEW program (74) to estimate pairwise LD between markers and to partition haplotype blocks. LD blocks were partitioned using the algorithm of Gabriel et al. (93) . Long-range haplotypes and their frequencies were estimated by the MERLIN and FUGUE programs (94) .
